Aspects of the interaction of organic pollutants of natural water with nanofiltration and reverse osmosis membranes have been considered on the basis of experimental results and summarized literature data. Experimental studies have been carried out to determine the rates of membrane fouling by various organic substances including humic acids (imparting the color) and low-molecular-weight organics (responsible for the oxygen demand) during the treatment of river water and pretreated water. The effect of membrane material on the rate of organic deposition on them has been studied. Relationships have been obtained for calculating the rates of buildup of organics on membranes depending on their concentration in the feed water, the nature and molecular weight of foulants, the membrane material, the flow rates in device channels, and the recovery. Experimental determination of the rates of adsorption of organic substances of various natures has made it possible to measure the sorption capacity of the membrane surface. It is likely that in the case of simultaneous fouling of the membrane with poorly soluble salts (calcium carbonate), colloidal and organic substances, iron compounds, etc., the effect of the set of foulants and scalants on the membranes surface may differ significantly from the results obtained in this study. Predicting the amount of organic foulants will help to correctly select the composition of solutions for chemical cleaning of membranes and eliminate the influence of organics on scale dissolution.
INTRODUCTION
Currently, membrane methods of reverse osmosis and nanofiltration are widely used for drinking and technical water supply [1] [2] [3] [4] [5] [6] . A large number of membrane plants are used to purify water from surface and sea water sources [4] . As is well known, water from surface sources is characterized by the presence of dissolve organic matter, which determines its quality parameters color and oxygen demand. Depending on the nature of organics: humic and fulvic acids, algae and microorganisms metabolites, and substances of anthropogenic origin (pesticides, surfactants, chlorinated products), the membranes reject these pollutants in different ways and interact with them in different manners. Reverse osmosis and nanofiltration membranes effectively reject both high-molecular and low-molecular-weight organics, a property that has determined their use for drinking and industrial water supply, as well as for the treatment of wastewater with the aim of its reuse. However, the presence of organics in the treated water is a matter of concern to the developers of membrane plants, which is due to organic fouling of membranes. Therefore, the danger of organic fouling of membranes calls for research to improve the water pretreatment schemes [3] .
So far, there have been many controversial conclusions in the literature on the problem of organic fouling of reverse osmosis membranes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . On one hand, there is a great practical experience of using reverse osmosis and nanofiltration systems for treating surface and groundwater for drinking and industrial water supply. Reverse osmosis and nanofiltration units used for drinking water supply, seawater desalination, and water conditioning for TPP boilers have been described. At the same time, there is no mention of the danger of organic fouling of the membranes. On the other hand, there are a number of works whose authors insist that dissolved organic pollutants must be removed at the pretreatment stage from the water entering into reverse osmosis plants, since they react with the selective skin layer of membranes and modify it. Interestingly, even at the same congress (for example, one of the International Desalination Association World Congresses), participants simultaneously pres-ent reports on the performance of membranes in removing organic pollutants from water [12] and reports suggesting the need for deep removal of organics from water at the pretreatment step and strongly recommending to include facilities for the removal of organics from water (for example, sorption filters) in the pretreatment scheme [1, 16, 19, 20] . It is interesting that the danger of membrane fouling by organics began to be debated about 30 years ago with the start of large-scale implementation of reverse osmosis systems for the purification of river water [2] [3] [4] [5] [6] . For example, in the case of desalination of water from the Colorado River at the largest desalting facility in the city of Yuma (Arizona, the United States) [2] , it was concluded that the decrease in membrane productivity was due to dissolved organics, including chlorinated substances. Similar conclusions were made in the case of unsatisfactory operation of membrane units for seawater desalination. For example, it was reported [4] that soluble organics (in particular, phenols with concentrations up to 25 mg/L) have an effect on the compaction of the structure of the selective membrane layer. At the same time, Winters [4] proved that the effect of organics on the membrane performance largely depends on the membrane material. For example, it was found that cellulose triacetate membranes were "more sensitive" to organic fouling than composite polyamide membranes. It was suggested that organic compounds adsorbing on the membrane make its surface layer more hydrophobic. Kim et al. [6] also noted that high-performance composite membranes lose productivity faster than acetate membranes in cases when feed water contains chlorinated organic compounds. According to their data [6] , organochlorine compounds "are incorporated" in the membrane structure and cause a decrease in the size of pores through which water transport occurs. This conclusion is confirmed by the fact that the selectivity of membranes slightly increases after contact with chlorinated organics [3] . After the first failures of the use of reverse osmosis technology for treatment of surface natural waters, Robert Riley [3] formulated the main unsolved problems in the field of reverse osmosis that require additional research. In particular, imperfection of the operation of the pretreatment facilities existing at that time was pointed out [2, 3] . First of all, the main task recognized was to develop correct requirements for the quality of feed water. Special attention was given to the complexes of humic acid with calcium, silicon, and iron ions. In addition, the task set in [3] was not only to find out the possibility of removing these complexes from the feed water at the pretreatment step, but also to offer effective cleaning technologies for removing this type of foulants from the membrane surface [9] [10] [11] [12] . Similar conclusions were made by domestic researchers in the early stages of the use of reverse osmosis for treating water from surface sources to prepare water for energy facilities [13] [14] [15] . As in the cases described above [2, 4, [16] [17] [18] [19] [20] [21] [22] [23] [24] , the first failures in the operation of reverse osmosis plants and the loss of membrane productivity were associated with inefficient pretreatment and the presence of organics in the feed water and in the cake layer on the membrane surface. In our opinion, such "hasty" conclusions were due to insufficient experience in studying the buildup of various types of precipitates on membranes and their influence on the operation of membrane devices. The results of numerous studies [26] show that the causes of changes in the performance of membrane devices should be investigated in a comprehensive manner, taking into account the influence of various factors, in particular, the formation of crystalline scales of low-soluble salts and an increase in the hydraulic resistance of membrane channels due to the formation of deposits on spacer mesh nodes among other factors [25] .
Harvey Winters [4] reported the formation of deposits of coagulated humic acids on the membranes using a cationic polymer as a flocculant in seawater desalination plants. The presence of flocculant in the feed water led to the formation of insoluble humic complexes, which were not rejected by subsequent filtration. Replacing the cationic flocculant with ferrous sulfate in one case and abandoning the flocculant and preliminary coagulation altogether in the other case completely freed the devices from the problem of formation of humic acid deposits on the membranes. This led Winters to the interesting conclusion that the presence of humic acids at the level up to 40 mg/L in feed water does not cause a decrease in productivity of the membranes. As shown in [4] , the mechanism of the influence of humic acids on reverse osmosis membranes is associated with the stability of humic acids in water. Molecules of humic acid are polyanions [4] capable of forming hydrogen bonds with water molecules, which allows them to occur in water in a relatively stable state. Humic acids form a thin layer on the membrane surface, the thickness of which does not exceed 50 μm. The adsorption layer causes a slight decrease in the membrane productivity; however, as shown in [4] , the presence of this layer does not cause an irreversible decline in the performance of the membranes, which can operate stably for a fairly long time. Nonetheless, the main question about the "period of saturation" of the membrane surface with organics or the "sorption capacity" of the membrane surface still remains unresolved.
A serious "breakthrough" was the use of the ultrafiltration method for drinking water production from surface water supplies [7, 8, 15, 17, 18] . The efficiency of using ultrafiltration facilities for the purpose of reducing turbidity and water color has led specialists in the field of reverse osmosis to the use of ultrafiltration facilities as pretreatment systems [16] [17] [18] [19] [20] [21] [22] [23] [24] . Depending on pore size, ultrafiltration units are capable of rejecting not only suspended solids and colloidal substances, but also high-molecular-weight organics responsible for the color of natural water. However, a more detailed examination of the ultrafiltration technology leads to the conclusion that ultrafiltration systems do not solve the problem of organic fouling. A necessary condition for the operation of ultrafiltration plants is the dosing of coagulants and flocculants into source water using in-line coagulation. This is due to the need to bind fine particles in order to preclude their blocking the pores of ultrafiltration membranes. Therefore, due to coagulation, high-molecular-weight organic substances are removed from the water. Thus, the efficiency of removing organic matter from water using ultrafiltration facilities cannot be higher than that with the use of conventional coagulation and filtration methods. When using membranes with small pores (molecular cut-off of 20-30 kDa), most of the high-molecular-weight organics are rejected by the membranes [25] [26] [27] [28] [29] [30] , but the organic removal efficiency is still lower than that by coagulation treatment.
An important problem, as mentioned above, is the identification of substances that are "responsible" for the loss of membrane productivity and selectivity. The most correct approach, in our opinion, is research aimed both at identifying substances deposited on membranes and at developing a procedure for predicting membrane performance characteristics depending on the type of organic foulants, their nature, molecular weight, and concentrations.
The question of the methodological approaches to the study of the adsorption of organic compounds deserves special consideration. Unfortunately, very few works contain quantitative data on the adsorption of organics on the membrane surface. Experimental studies basically deal with evaluating the concentrations of various types of organic substances [23] and monitoring the behavior of membranes during the operation of pilot units for the treatment of natural waters with high color values. We believe that studying the molecular mass distribution of organic pollutants in natural waters using gas-liquid chromatography can help to solve the problems. Figure 1 shows the molecular weight distribution for natural river water and the filtrate obtained in [23] on Nitto Denko NTR-7410 membranes. The left "peak" corresponds to the amount of organic substances with a molecular weight of 300-1800 Da in water, and the right one to that of organics with a molecular weight of 4000-5000 Da. The bottom curve characterizes the organics content in the filtrate and indicates the low efficiency of the membranes in rejection of low-molecular-weight organics. The possibility of determining the concentration of various organic substances with different molecular masses in water samples enables identification of substances that most actively react with the membrane surface. In [26] we reported on experiments to determine the rates of adsorption of organics on reverse osmosis membranes. To imitate the color of natural water, a peat extract containing a mixture of humic acids was used. Previ-ously it was found that the color intensity of the prepared peat extract solutions is directly proportional to the concentration of humic substances in them. A solution of humic acids was prepared by dissolving the peat extract in distilled water with the addition of caustic soda to pH 10. The experiments were carried out in the circulation mode. During the experiments, the circulating solution was showing continuous discoloration due to the adsorption of the organics on the membrane surface. Figure 2 shows the solute molecular mass distribution (MMD) determined using a Millikhrom chromatograph at various stages of the experiment [26] . To find the sorption capacity of membranes for humic acids, several sets of experiments were carried out, each using a newly prepared peat extract solution (Fig. 3 ). The results of determining the rates of adsorption of organics and their influence on the productivity and selectivity of the membranes are presented in Fig. 3 . The rate of adsorption decreases with an increase in the amount of adsorbed organic matter ( Fig. 3a) . At the same time, the organic fouling slightly affects the productivity and selectivity of membrane devices (Figs. 3b, 3c).
Similar experiments in the circulation mode were carried out by foreign researchers with the aim of studying the behavior of organic substances and their interaction with the membrane surface [5, 28] . An attempt to obtain quantitative data on organic adsorption on the membrane surface was made by James Taylor [5] , who determined the mass balance in experiments conducted in the circulation mode. Total organic carbon in circulating solutions was determined using the photoelectric colorimetric method. A decrease in the concentration of organics in circulating solutions during the course of the experiments indicated the deposition of organic compounds on the membrane (see Fig. 4 ). However, the obtained values of the amounts of organic foulants deposited on the membranes during short-term experiments did not Relative amount, % 300-1800 Da
4000-5000 Da
Molecular mass make it possible to quantify the effect of organics on the performance of the membranes and to predict the decline in their productivity.
In this paper, an attempt is made to demonstrate both the results of determining the buildup rates of organic precipitates with different molecular weights and the effect of the membrane material and the hydrodynamic regime of membrane operation on the organic fouling rate using water from the Moscow water pipeline and surface river water as examples. The data on organic fouling rate allowed us to predict the loss of membrane productivity in the treatment of tap water and surface water and determine the amount of built-up organic foulants that are to be removed from the membranes by chemical cleaning.
Another objective of the experiments was to show which organic substances are predominantly deposited on the membranes and what is their molecular weight. Chromatographic analysis presents significant opportunities for identifying the substances that are most actively deposited on the membranes. Chromatographic determinations of the molecular mass distribution of organics in water make it possible to judge the dominance of certain types of organic matter. But such analyses are relatively time-consuming and expensive. In this study, spectrograms were used instead of chromatographic determination to reveal the nature and concentration of foulants deposited on the membranes. By scanning natural waters, spectrograms in the yellow light range (420-500 nm) show characteristic peaks resembling molecular mass distri- bution spectra corresponding to the maximum concentrations of organic substances with different molecular weights [29] . The analysis of the spectrograms made it possible to find out which substances and with which molecular mass are predominantly deposited on the membranes.
EXPERIMENTAL
In previous studies, the key features of the buildup of organic foulants on membranes were determined [25] . The experiments and conclusions were made for cases of highly colored waters with high color values. It is of interest to predict and study the effect of organic substances, found in surface waters after their pretreatment, on the reverse osmosis process. The purpose of this work was to determine the rate of buildup of organic foulants on membranes and explore the possibility of their influencing the membrane performance characteristics. By analyzing the absorption spectra, it was supposed to determine which organic substances are predominantly deposited on the membranes and demonstrate a qualitative change in the water composition parameters after passage through membrane device channels. Using previously developed methods for predicting the operation of membrane devices, we determined the amount of built-up foulants and corrected the conditions of chemical cleaning of the membranes. This paper presents the results of three sets of experiments:
-laboratory experiments to examine the effect of hydrodynamic factors on the organic fouling of membranes;
-laboratory experiments to study the effect of membrane material on the formation of organic precipitates on membranes;
-laboratory experiments to determine the rates of adsorption on the membranes of high-molecular and low-molecular-weight organic substances, depending on their concentrations in natural waters.
The study was conducted on laboratory test benches in the Water Supply and Sewage Laboratory at the Moscow State University of Civil Engineering. A diagram of the laboratory setup for studying the rates of deposition of organic substances on the surface of reverse osmosis and nanofiltration membranes is shown in Fig. 5 . As a result of the experiments, the deposition rates of organic substances with different molecular masses on the membranes and the influence of the flow rates in the membrane channels on this process were determined. Based on the results of the study, the authors concluded that the concentrations of organic substances of different natures and molecular weights affect the rate of their deposition on the membranes and that it is necessary to remove the organics at the pretreatment stage.
The experiments were carried out on river water (without pretreatment) and tap water (which was purified by coagulation, sedimentation, and filtration). Experiments to determine the rates of formation of precipitates of colloidal and organic substances on the membranes were carried out in a concentration mode. Source water was placed in feed tank 1, from where the water was fed with pump 6 to membrane unit 3. In the membrane unit, the feed water was separated into a filtrate and a concentrate. The filtrate (purified water) was collected in a filtrate tank, and the concentrate was recycled to the feed water tank. During operation of the unit, the volume of water in tank 1 was constantly decreasing. The water in the feed (concentrate) tank and filtrate tank 2 was sampled during the process and analyzed for turbidity and color. The velocity in the channels of the apparatuses and the transit flow rate were varied using bypass valves 7. Figure 6a shows the relation of turbidity to the volume reduction factor K, which is defined as the ratio of the volume of water in tank 1 at the beginning of the experiment to the vol- ume of water at a given point in time (at the time of sampling). The amount of suspended solids and colloidal substances deposited on the membranes at each point of time was determined as the difference between the amount of suspended solids in tank 1 at the beginning of the experiment and at a given time point of the experiment (Fig. 6b ). The rates of deposition are defined as the slopes of the tangent to the time dependence curve of the amount of foulants deposited on the membrane during the experiment (Fig. 6c ). Values of deposition rates of suspended and colloidal substances are presented in Fig. 6d depending on the K values. The experimentally obtained relations of color of the river water to the K value are shown in Fig. 7 .
The rates of adsorption of high-molecular and lowmolecular-weight organics on the membranes were determined in the circulation mode on the test bench sketched in Fig. 5 . The purpose of this set of experiments was to determine, along with the adsorption rates, the dependence of adsorption rates on the concentration of organics in water and, using spectrograms, estimate the change in water quality during the experiment and find out which substances are predominantly adsorbed on the membrane and what is their molecular mass.
To analyze the dissolved organic matter content in water and the interaction of the organics with the membrane surface, spectrograms in the range of yellow light at a wavelength of 420-500 nm were used. We studied the effectiveness of purification of surface river water and water of the Moscow water supply using domestic reverse osmosis membrane elements, composite low-pressure reverse osmosis membranes (type BLN manufactured by СSM, Korea), and Vladipor acetate reverse osmosis membranes. Figures 6  and 7 show the results of the experiment on the treatment of river water and the study of membrane fouling by suspended solids and colloids (Fig. 6 ) and by organics ( Fig. 7) . Figure 6 presents the rates of formation of precipitates of colloids and suspended solids on the reverse osmosis membrane depending on the transit flow rate of water through the membrane apparatus in the case of treatment of river water. Figure 7 illustrates the change in the color index of river water during the treatment of river water-the dependence of the color value on the volume reduction factor K.
The change in quality of feed water during its contact with the membrane material was studied by running experiments in the circulation mode. The experiments were carried out on the laboratory test bench shown in Fig. 5 . Unlike the experiment run in the concentration mode (Figs. [6] [7] [8] , that in the circulation mode suggested that the filtrate and concentrate after the reverse osmosis membrane module were returned to tank 1, with the salt concentration in the feed water in tank 1 being maintained constant. In the case when suspended solids and organics were deposited on the membranes, the concentrations of these substances (as evaluated by measuring turbidity, color, and oxygen demand, as well as total changes according to the transmission spectra of water samples) in the circulating water decreased over time ( Figs. 9-13 ). Simultaneously, the effect of the membrane material on the rate of deposition of organics on it was studied. Figure 8 shows the results of determining the color of river water circulating in membrane apparatuses with composite and acetate membranes over time. Figure 9 depicts spectrograms of (a) river water and (b) tap water samples taken at the beginning of the experiment and 1 and 2 h after starting the experiment in the circulation mode. Figure 12 shows relationships that make it possible to calculate the rates of deposition of high-molecular-weight (colorforming) and low-molecular-weight (determining oxygen demand) organic compounds on the membranes. The light absorption spectra of water samples obtained in the experiments are shown in Fig. 13 .
DISCUSSION
As can be seen from Figs. 6-8, the transit flow rate has a significant effect on the rate of formation of deposits of suspended solids on the membranes and the rate of adsorption of organic compounds on the membrane surfaces.
The material of the membranes affects the intensity of the formation of organic deposits. The study has shown that the membranes based on cellulose acetate have a low sorption capacity and capacity for organic substances that form the color of natural waterhumic and fulvic acids. This is due to the fact that composite membranes made from aromatic polymers, as a rule, are strictly hydrophobic. Most of the substances that cause turbidity and color of natural waters are also strictly hydrophobic or weakly hydrophilic colloids. Therefore, composite membranes are quickly fouled during the treatment of water containing natural organic matter. Cellulose acetate membranes have hydrophilic properties and are less susceptible to adsorptive fouling by organics ( Fig. 9 ). As follows from Figs. 3a and 3b, organic compounds form an adsorption layer on the membranes, which practically does not affect their productivity and selectivity. After covering the entire membrane surface, the adsorption layer no longer grows, and the rates of adsorption of organics fall (Fig. 8a) experimental determination of the organic sorption rates made it possible to measure the sorption capacity of the membrane surface and determine the time dependence of the amount of organics built-up on the membranes (Fig. 3b) . Figures 3c and 3d show the dependences of the decrease in productivity and selectivity of membranes on the amount of organic matter adsorbed on its surface, as found in [25] . The results obtained make it possible to predict the influence of organic substances contained in water on the operation of membranes, determine the on-stream time of a membrane unit before chemical cleanings and the amount of detergent reagents needed, and formulate the quality requirements of pretreatment to remove organics. Figures 10 and 11 show the determined rates of fouling by suspended solids and organics during the operation of the experimental setup in the circulation mode.
Operating the unit in the circulation mode, we determined the rates of adsorption of organic substances with different molecular weights on the membranes. Figures 10a and 11a show the reduction of color intensity of the river and tap water, respectively, and Figs. 10b and 11b present the results of determining the amount of organic deposits, depending on the time of the experiment. The results of determining the rates of adsorption of organic compounds are shown in Figs. 10c and 11c . It was of interest to represent the results as plots of the rates of adsorption of different organic substances versus their concentration. Figure 12 shows the dependences of the rates of adsorption of color-forming organic compounds on their concentration in the feed for river water (curve 1) and for tap water (curve 2). As can be seen in the figure, the curves almost coincide for water color values of 10-20. The difference in values can be explained by the difference in the nature of organic substances and their molecular weight in river water and water after coagulation treatment. Figure 12 presents the concentration dependences of the rates of adsorption of low-molecular substances that determine the oxygen demand of water.
During operation of the unit in the circulation mode, water was sampled at the beginning of the experiment, after an hour, and after two hours of operation and the light absorbance of the samples were measured. Figure 13 shows the absorption spectra of water in the visible region (300-850 nm) as measured with a KFK-3 spectrophotometer relative to distilled water. The absorption is due to the presence of dissolved organic matter in water. As is known, the color of natural water is due to the presence of humic and fulvic acid derivatives with a molecular weight of 300 kDa and above. The nature of organic matter in water can be judged by the color of organic compounds. The obtained spectra are characteristic of humus-containing natural water: the highest light absorbance at 413 nm (by the standard method for determining color according GOST 2874-82) is due to the presence of humic substances with a yellow color. Light absorption in other regions of the spectrum (to the right and to the left of the "yellow" color) indicates the presence of other impurities, in particular, iron-organic complexes in the water. It is likely that in the case of joint fouling of the membrane surface by deposition of slightly soluble salts (calcium carbonate), colloidal and organic substances, iron compounds, etc., the effect of the variety of foulants on the membrane surface may differ significantly from our results [30] [31] [32] [33] [34] . Figure 14 shows the membrane productivity decline curves predicted on the basis of data obtained in previous studies [25, 26] . To determine the operating conditions (filtration cycle time), it is necessary to take into account the decrease in membrane productivity and choose a mode in which the productivity drops by 15-20% [30] . Figure 14 illustrates the decrease in productivity of the membranes during the treatment of water of the same salt composition by scaling with calcium carbonate without its inhibition (curve 1) and in the presence of the antiscalant Aminat-K (curve 2) and by organic fouling during the treatment of river water (curve 3) and tap water (curve 4). Aminat-K, which is a mixture of sodium salts of nitrilotrimethylenephosphonic and iminodimethylenephosphonic acids [30] , is the most effective commercial calcium carbonate scale inhibitor manufactured by Travers (Russia). As can be seen from the figure, the productivity loss due to calcium carbonate scaling even in the presence of the inhibitor in the feed water is much faster than that in the case of organic deposition on the membranes. Therefore, during the operation of membrane plants, the rate of calcium carbonate formation should be taken into account [30] . As was shown above, organic compounds have a slight effect on the operation of the membranes; therefore, membrane scaling should be controlled primarily by monitoring calcium carbonate, without fear of deposition of organic substances [30] . However, in chemical cleanings, one should take into account the amount of accumulated organic precipitates and select the appropriate amount of chemicals for alkaline cleaning [30] [31] [32] [33] [34] .
CONCLUSIONS
Reverse osmosis membranes are subject to fouling by organics contained in natural waters. However, a deep removal of organic matter from water at the stage of pretreatment before reverse osmosis units is unnecessary. Organic foulants does not have a significant effect on the productivity and selectivity of membranes. Prediction of the membrane productivity decline due to the formation of organic deposits shows that for cases of natural water treatment with color up to 60 units of Pt-Co scale, the effect of organics on the operation of membranes is much less noticeable than the effect of the formation of crystalline calcium carbonate precipitates even in the presence of a scale inhibitor. Therefore, there is no need in additional measures to prevent organic fouling. Organic foulants are removed from the membrane surface by chemical cleaning, along with regular chemical cleanings to 
